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SUMMARY 

The  purpose  of  this  report  is  to  present  a  graphical  methodology  for  the 
preliminary  evaluation  of  solar  thermal  energy  plants  by  Air  Force  base  civil 
engineers.  The  report  is  the  result  of  a  study  for  the  Air  Force  Engineering 
and  Services  Center  by  the  Jet  Propulsion  Laboratory  under  Tyndall  Air  Force 
Base  Project  Order  No.  F-82-93  (NASA  Task  RE-152,  Amendment  353). 

The  report  is  organized  as  a  Guidebook  with  worksheets  and  nomograms 
provided  for  rapid  estimation  of  solar  collector  area,  land  area,  energy 
output,  and  thermal  power  output  of  a  solar  thermal  plant.  Flat  plate, 
evacuated  tube,  parabolic  trough,  and  parabolic  dish  solar  thermal 
technologies  are  considered. 
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a  Collector  optical  efficiency. 

Ac  Collector  area  (ft^). 

Ap  Solar  thermal  plant  area  (ft^). 

b  Collector  heat  loss  factor  (Btu/hr  ft^  °F). 

GCR  Ground  cover  ratio. 


h  Hours  per  year  that  the  insolation  intensity  meets  or  exceeds  the 

minimum  intensity  for  the  collector  to  operate  at  the  required 
average  temperature  across  the  collector;  hours  of  collector 
operation  per  year  at  the  given  site. 

Iavg  Average  beam  insolation  intensity  (Btu/hr  ft^). 

Im£n  Critical  beam  insolation  intensity;  the  threshold,  or  minimum, 

insolation  intensity  at  which  the  collector  provides  a  net 
positive  thermal  energy  output  at  the  required  average  collector 
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Navg  Collector  average  efficiency. 
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PMAX  Peak  thermal  power  of  the  solar  thermal  plant  (Btu/hr). 

qat,^  Insolation  energy  per  unit  area  available  to  a  specific  type  of 

collector  at  a  particular  site  summed  over  h  hours  per  year  that 
insolation  intensity  meets  or  exceeds  Im£n  (Btu/ft^  yr). 

q ^  Insolation  energy  per  unit  area  incident  at  a  particular  site 

summed  over  all  the  hours  of  sunshine  for  the  year  (Btu/ft^  yr). 

qu  Useful  annual  heat  output  of  the  collector  per  unit  of  collector 

area  ( Btu/ ft  ^  yr) . 

Qu  Useful  annual  heat  output  of  the  solar  thermal  plant  (Btu/yr). 

S  Distance  from  the  collector  field  to  the  load  (ft). 
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Tamb  Dry  bulb,  daytime  average  annual  ambient  temperature  at  the 

site  (°F) . 

Tc  Required  average  temperature  across  the  collector  (°F). 

Tj  Load  working  fluid  feed  temperature  (°F). 

l-2  Load  temperature  (°F). 

AT  Difference  in  temperature  between  Tc  and  Tam^  (°F). 
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GLOSSARY  OF  TERMINOLOGY 


absorber 

Albuquerque,  New  Mexico 

Barstow,  California 

beam  insolation 

Cape  Hatteras, 

North  Carolina 

collector 

collector  aperture 

collector  area 
collector  efficiency 

concentrator 

CONUS 

diffuse  radiation 

evacuated  tube 

flat  plate  collector 


Component  of  a  solar  thermal  collector  that  converts 
insolation  to  thermal  energy  and  transfers  it  to  a 
circulating  working  fluid. 

Guidebook  site  representative  of  a  high  elevation 
area  with  dry  climate  and  distinct  summer  and  winter 
seasons . 

Guidebook  site  representative  of  a  dry  desert  climate 
with  mild  winters,  typical  of  Arizona,  California, 
and  Nevada. 

Direct  radiation  from  the  sun  received  relatively 
unscattered  at  the  earth's  surface. 

Guidebook  site  representative  of  a  Mid-Atlantic 
coastal  climate  with  a  pattern  of  pronounced  cloudy 
and  sunny  periods. 

A  device  to  gather  solar  radiation  and  convert  it  to 
thermal  energy. 

The  opening  through  which  unconcentrated  solar 
radiation  enters  the  collector. 

The  area  of  the  collector  aperture. 

The  ratio  of  useful  heat  output  of  the  solar 
collector  to  the  insolation  available  to  the 
collector. 

A  device  for  focusing  solar  radiation  either  through 
reflection  (mirrors)  or  refraction  (lenses). 

The  contiguous  48  states  of  the  United  States. 

Radiation  from  the  sun  scattered  by  the  earth's 
atmosphere . 

A  type  of  non-concentrating  solar  thermal  collector 
in  which  the  absorber  plate  is  enclosed  in  a 
transparent  vacuum  tube. 

A  type  of  non-concentrating  solar  thermal  collector 
consisting  of  an  absorber  plate  between  a  transparent 
cover  and  insulated  back.  The  absorber  plate  tends 
to  occupy  virtually  all  of  the  collector  area. 


ground  cover  ratio 


Ratio  of  collector  area  to  the  total  required  plant 
land  area. 


GLOSSARY  OF  TERMINOLOGY  (Continued) 


heat  loss  factor  Factor  that  accounts  for  the  thermal  energy  losses 

in  the  collector  receiver  or  absorber. 

insolation  Solar  energy  received  at  or  near  the  earth's 

surface. 


load 

Maynard,  Massachusetts 


Madison,  Wisconsin 


Medford,  Oregon 


Miami,  Florida 


optical  efficiency 


parabolic  dish 


parabolic  trough 


plant  area 


plant  output 


sens i1  le  heat 


A  facility  or  industrial  process  that  requires  heat. 

Guidebook  site  representative  of  a  New  England 
climate  with  overcast  winters,  rather  low  annual 
average  insolation,  and  a  low  number  of  sunny  hours. 

Guidebook  site  representative  of  a  Great  Lakes 
climate  with  high  humidity,  bright  summers,  very 
cold  winters,  and  rather  low  annual  average 
insolat ion. 

Guidebook  site  representative  of  a  Pacific 
Northwestern  climate  with  excessive  cloudy  periods 
except  in  summer.  Low  average  insolation  during 
winter  and  fall  but  compensated  by  high  summer 
intensity,  which  brings  the  annual  average  to  that 
of  Miami,  Florida. 

Guidebook  site  representative  of  a  gulf  climate; 
mostly  cloudy  with  intervals  of  bright  sunshine, 
yielding  an  overall  insolation  level  significantly 
lower  than  that  of  a  dry  site  such  as  Albuquerque, 
New  Mexico. 

The  ratio  of  the  energy  available  to  the  absorber 
or  receiver  to  the  insolation  energy  available  to 
the  collector;  factor  that  accounts  for  losses  in 
the  optica!  subsystem  of  the  collector  (e.g.,  the 
glass  cover  of  a  flat  plate  collector). 

A  point -focus ing  solar  thermal  energy  system 
consisting  of  a  concentrator,  receiver,  and 
two-axis  tracking  control  system. 

A  line  focusing  solar  thermal  energy  system 
consisting  of  a  concentrator,  tubular  receiver,  and 
single-axis  tracking  control  system. 

The  total  area  occupied  by  the  solar  thermal  plant, 
including  the  collector  area,  space  between 
collectors,  and  maintenance  access  space. 

Annual  heat  output  of  the  solar  plant  delivered  to 
the  load. 

Heat  energy  given  to  a  body  that  causes  its 
temperature  to  increase. 
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GLOSSARY  OF  TERMINOLOGY  (Continued) 


solar  thermal  plant  The  collector  field,  piping  network,  control  system, 

and  interface  connections  necessary  to  convert  solar 
radiation  into  thermal  energy  and  deliver  it  to  a 
thermal  load. 

storage  A  subsystem  of  a  solar  thermal  plant  designed  to 

retain  heat  from  the  collector  field  in  a  sensible  or 
latent  form  until  needed  by  the  load. 

total  insolation  The  sum  of  beam  and  diffuse  insolation  on  a  plane  at 

the  earth's  surface. 
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SECTION  1 


INTRODUCTION  AND  SUMMARY 


The  subject  of  this  report  is  the  collection  and  use  of  solar  thermal 
energy  to  meet  thermal  load  requirements  of  the  United  SLates  Air  Force.  A 
graphical  methodology  is  presented  for  use  by  Air  Force  base  civil  engineers 
in  developing  quick  estimates  of  solar  collector  area,  land  area,  energy 
output,  and  thermal  power  output  of  a  solar  thermal  plant.  Flat  plate, 
evacuated  tube,  parabolic  trough,  and  parabolic  dish  solar  thermal 
technologies  are  considered. 

The  scope  of  the  Guidebook  is  limited  to  thermal  energy  prouuction. 
Electric  power  generation  is  not  considered.  However,  t  lie  Guidebook  can  be 
used  to  estimate  the  amount  of  thermal  energy  being  delivered  by  a  collector 
field  to  virtually  any  load,  including  an  engine  generator  of  a  central  solar 
thermal  electric  plant  or  cogeneration  plant.  The  scope  of  the  Guidebook  does 
not  include  economic  analysis.  Pre-project  economic  evaluation  of  a  solar 
thermal  plant  should  be  done  in  accordance  with  current,  standard  Ail  Force 
guidelines  and,  most  importantly,  should  be  based  on  current  vendor  price 
lists.  A  list  of  solar  thermal  collector  companies  is  available  from  the 
Solar  Energy  Industries  Association,  Suite  600 ,  1001  Connecticut  Avenue  NW, 
Washington,  DC  20036  (telephone:  202  293-2981). 

A.  AIR  FORCE  APPLICATIONS 

The  United  States  Air  Force  uses  thermal  energy  m  many  ways.  Large 
central  steam  plants  provide  heating  for  buildings.  Smaller  plants  heat 
industrial  solvents  or  provide  warm  air  for  parachute  drying.  Mid  sue  plants 
may  be  distributed  throughout  an  Air  Force  base  serving  the  laundry  oi  the 
hospital,  for  example. 

A  study  (Reference  1)  of  Air  Force  thermal  applications  tor  solar  energy 
systems  reported  a  wide  range  of  thermal  loads  at  six  An  Force  bases,  as 
shown  in  Table  1.  The  loads  varied  in  size  from  1U7  btu/yt  to  lu*‘  btu/yr. 
Temperatures  ranged  from  70  to  350°F. 


TABLE  1.  EXAMPLES  OF  AIR  FORCE  THERMAL  ENERGY  LOAL'S 


APPLICATIONS 

TEMPERATURE 

RANGE,  °F 

SUL  RANGE, 

10y  bt  u/ y  i 

Central  Plant 

30U  - 

350 

170  - 

860 

Hospital 

300  - 

350 

29  - 

4b 

Industrial 

140  - 

190 

0.01 

-  17 

Solvents 

200  - 

2bU 

0.4  - 

4 

Corrosion  Control 

70  - 

180 

N/A 

Parachute  Drying 

80 

0.3  - 

1.8 

Environmental  Control 

80  - 

350 

7  - 

70 

Laund  ry 

350 

12 
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Air  Force  thermal  loads  were  found  to  be  similar  in  time  profile  to 
industrial  and  commercial  loads  and  can  be  characterized  as  base,  inter¬ 
mediate,  or  peak  (Reference  1).  Base  loads  are  steady  for  24  hours. 
Intermediate  loads  increase  the  total  load  during  daytime.  Peak  loads  occur 
intermittently  for  perhaps  a  few  hours. 

Solar  collector  output  also  varies  with  time,  and  a  consistent  match  with 
a  varying  load  is  virtually  impossible.  Assuming  that  the  unit  cost  of  fuel 
is  the  same  for  base,  intermediate,  and  peak  thermal  loads,  then  for  economic 
reasons  the  solar  plant  should  be  sized  to  meet  the  minimum  daytime  load. 

This  approach  to  sizing  will  permit  all  the  energy  from  the  solar  plant  to  be 
used  and  will  avoid  incurring  the  added  cost  of  thermal  energy  storage  and  the 
energy  losses  associated  with  storage.  Only  if  the  plant  sized  on  the  above 
basis  is  found  to  be  economical  is  it  worthwhile  to  consider  thermal  storage. 
If  the  minimum-size  no-storage  plant  is  not  economical,  the  plant  with  storage 
will  not  be  economical.  Hence,  the  decision  regarding  use  of  solar  <-ar.  be 
made  without  considering  energy  storage.  The  addition  of  storage  can  be 
treated  as  a  refinement  in  follow-on  detailed  studies.  Consequently,  the 
conventional  fuel-fired  heating  system  should  be  capable  of  meeting  the  total 
load.  Where  or  when  fuel  prices  rise  dramatically  above  Air  Force  historical 
averages,  larger  solar  thermal  energy  systems  serving  more  of  the  load  may 
make  economic  sense.  In  that  case,  thermal  storage  may  be  justified. 

For  simplicity,  eight  sites  in  the  CONUS  have  been  selected  as  Guidebook 
sites  to  approximate  all  possible  Air  Force  sites,  as  shown  in  Figure  1.  In 
selecting  the  Guidebook  site  most  similar  to  the  actual  siL<_,  the  engineer 
should  compare  the  sites  on  the  basis  of  proximity,  insolation,  and  climate. 
For  example,  Colorado  Springs,  Colorado,  would  be  represented  by  the  Guidebook 
site  of  Albuquerque,  New  Mexico,  because  they  are  relatively  close,  have  about 
the  same  level  of  insolation,  and  have  relatively  similar  climates.  A 
detailed  discussion  of  site  and  load  considerations  is  presented  in 
Reference  2. 

B.  SOL  .R  RADIATION 

The  solar  radiation  available  at  ground  level  is  called  the  total 
insolation  and  consists  of  beam  and  diffuse  components.  The  beam  component, 
which  is  similar  to  the  insolation  available  outside  the  earth's  atmosphere, 
comprises  85  to  90  percent  of  the  total  insolation  on  clear  days,  while  the 
diffuse  component  contributes  about  10  to  15  percent.  Thus  the  beam  component 
is  by  far  the  most  important  component  of  the  total.  The  beam  and  diffuse 
insolation  vary  throughout  the  United  States.  Insolation  data  for  the  eight 
Guidebook  sites  are  presented  in  monogram  format  in  Appendix  B.  These  sites 
can  be  used  to  represent  the  insolation  at  any  Air  Force  base  in  the  CONUS. 

C.  SOLAR  THERMAL  TECHNOLOGIES 

The  Guidebook  addresses  four  solar  thermal  technologies  capable  of 
achieving  temperatures  in  excess  of  ?00°F:  flat  plate,  evacuated  tube, 
parabolic  trough,  and  parabolic  dish.  Diagrams  and  operating  temperatures  of 
these  collectors  are  presented  in  Table  2. 
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In  this  Guidebook,  collector  performance  is  characterized  by  only  two  key 
parameters:  optical  efficiency  (represented  by  the  letter  "a")  and  heat  loss 
factor  (represented  by  the  letter  "b").  It  is  desirable  to  have  a  high  value 
for  a  and  a  low  value  for  b.  Values  of  a  and  b  for  the  four  collector  types  are 
provided  in  Table  2.  A  particular  manufacturer's  system  will  probably  have 
different  a  and  b  values  from  the  average  values  shown.  The  difference  is  not 
important  in  accomplishing  a  preliminary  design  of  adequate  precision.  Average 
values  for  a  and  b  are  actually  preferred  to  ensure  that  the  preliminary  design 
does  not  lead  inadvertantly  to  a  vendor-specific  specification  for  the  detailed 
design.  However,  if  desired,  a  vendor’s  values  for  a  and  b  could  be  used 
without  modifying  the  Guidebook  methodology. 

The  flat  plate  and  evacuated  tube  collectors  are  considered  to  be  non 
tracking  systems  because  they  do  not  track  the  sun  as  it  moves  across  the  sky 
from  east  to  west  each  day.  These  non  concentrating  collectors  use  both  the 
beam  and  diffuse  insolation  to  warm  the  working  fluid.  The  parabolic  trough  ana 
parabolic  dish  are  tracking,  concentrating  collectors  and  can  utilize  only  the 
beam  insolation. 

The  flat  plate  collector  looks  like  a  rectangular  box  with  a  transparent 
cover  and  insulated  back.  Inside  is  an  absorber  plate  which  is  heated  by  the 
sun  and  cooled  internally  by  the  working  fluid.  Flat  plate  collectors  are  in¬ 
stalled  on  tilted,  south  facing  planes  in  the  northern  hemisphere.  The  degree 
of  tilt  is  usually  the  same  as  the  latitude  of  the  site  for  year  round  appli¬ 
cations.  If  the  solar  plant  is  to  be  used  in  winter  only,  such  as  for  space 
heating,  then  the  tilt  should  be  latitude  plus  10°.  Summer  only  applications 
require  a  tilt  of  latitude  minus  10°.  Evacuated  tube  collectors  consist  of 
an  absorber  mounted  in  an  evacuated  glass  tubular  enclosure.  The  heat  is 
removed  by  a  fluid  circulating  through  the  absorber  in  the  evacuated  tube.  The 
output  of  flat  plate  collectors  and  evacuated  tube  collectors  can  be  increased 
by  adding  mirror  boosters  on  one  side  or  both  sides  of  the  collector  assembly. 

Collector  performance  can  be  improved  significantly  by  tracking  the  apparent 
motion  of  the  sun.  Parabolic  trough  collectors  track  by  rotating  about  one  axis 
only.  Parabolic  dishes  track  the  sun  by  rotating  about  two  axes. 

Parabolic  troughs  have  a  linear  focus  so  the  receiver  is  a  long  tube  at  the 
focus  of  the  cy lindro-parabolic  mirror  or  lens  array.  The  parabolic  trough 
collector  can  be  aligned  so  that  the  principal  axis  is  along  the  E-W  or  N-S 
axis.  Parabolic  dishes  have  a  point  focus,  so  the  receiver  is  a  small  cavity 
located  at  the  focus  of  the  paraboloidal  mirror  or  lens.  As  in  the  non  tracking 
collectors,  a  circulating  working  fluid  is  used  to  remove  heat  from  the  receiver 
and  transport  it  to  an  intermediate  heat  exchanger  or  to  the  load  directly. 

D.  USE  OF  THE  GUIDEBOOK 

The  Guidebook  can  be  used  to  determine: 

2 

1.  Annual  heat  output  of  a  collector  per  unit  area  (Btu/ft  yr). 

2 

2.  Average  thermal  power  of  a  collector  per  unit  area  (Btu/hr  ft  ). 

3.  Annual  heat  output  of  a  solar  thermal  plant  (Btu/yr). 

4.  Average  thermal  power  of  a  solar  thermal  plant  (Btu/hr). 

5.  Collector  area  and  total  land  area  required  for  a  plant  of  a  given 
annual  energy  output  (ft^). 
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TABLE  2.  SOLAR  THERMAL  COLLECTOR  TYPES 
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This  information  can  be  used  to  assess  whether  a  detailed  design  of  a 
solar  thermal,  plant  is  technically  warranted  for  a  particular  thermal 
application,  whether  a  vendor's  proposed  plant  is  reasonably  sized,  or  whether 
one  collector  technology  is  better  than  another  for  a  particular  site  or  a 
particular  load.  The  accuracy  of  the  Guidebook  is  generally  within  +_  20 
percent  of  a  realistic  detailed  design  in  terms  of  thermal  energy  output  and 
associated  area  requirements. 

The  main  body  of  the  Guidebook  consists  of  tour  sections,  each  with  a 
corresponding  worksheet.  The  first  worksheet,  Worksheet  A,  is  used  to  select 
the  Guidebook  site,  to  identity  the  required  average  collector  temperature, 
and  to  stabl  ish  the  ambient  temperature.  Worksheet  b  is  used  with  a  nomogram 
to  determine  the  insolation  proper  ies  at  the  site  and  to  select  a  collector 
type  for  analysis.  Worksheet  C  is  used  with  a  nomogram  to  establish  collector 
properties.  Worksheet  l)  is  used  t  .  establish  plant  properties.  After 
completing  the  worksheets  in  the  Guidebook,  the  engineer  should  be  able  to 
complete  the  information  sheet  (Table  1). 

In  using  the  Guidebook,  it  is  recommended  that  the  engineer  plan  ahead  to 
make  many  iterations  through  the  worksheets.  This  will  be  necessary  and 
desirable  because  there  are  many  possible  combinations  of  collector  type,  load 
size  (or  percent  ot  load  served  by  solar),  area  limitations,  etc.  Multiple 
iterations  are  essential  to  understanding  the  interactions  and  sensitivities 
for  each  unique  case. 

The  worksheets  and  nomograms  will  seem  complex  at  tirst.  But  alter  one  or 
two  iterations  through  the  methodology,  the  mechanics  ot  the  process  will  be 
mastered  so  that  subsequent  passes  can  be  accomplished  in  about  10  minutes.  To 
simplify  the  job  of  getting  started,  select  a  collector  type  with  a 
temperature  range  centered  approximately  on  the  temperature  uesired.  The 
inherent  characteristics  of  the  four  collector  technologies  suggest  that  there 
are  some  temperature  ranges  most  appropriate  tor  each.  While  experts  disagree 
as  to  the  boundaries  of  these  temperature  ranges,  t tie  following  representative 
ranges  are  provided  for  use  in  the  Guidebook: 


Flat  Plate: 

120  - 

2  10°f 

Evacuated  Tube: 

130  - 

300°F 

Parabolic  Trough: 

200  - 

b00°F 

Parabolic  Dish: 

300  - 

2000 °F 

r  Force  applications, 

a  trough  ad  lei  to 

will  often  be  the  first 
type  analyzed.  For  low  latitude  sites  such  as  Miami,  Florida,  consider  N-S 
orientation  of  the  trough  axis.  For  high  latitude  sites  such  as  Madison, 
Wisconsin,  consider  both  E-W  and  N-S  orientations  ol  the  trough  axis. 


After  analyzing  the  trough  collector  options,  consider  dish  collectors 
if  the  desired  temperature  is  over  300°F.  Consider  evacuated  tube 
collectors  if  the  desired  temperature  is  under  300°F.  (In  the  nomograms, 
evacuated  tube  and  flat  plate  collectors  utilize  the  same  scales.) 


A  sample  case  is  presented  in  Appendix  A  to  illustrate  the  use  of  the 
Guidebook. 


b 


TABLE  3.  SOLAR  THERMAL  PLANT  INFORMATION  SHEET 


1. 

Site  of  possible  solar  plant 

0 

Guidebook  site  (line  A16) 

3. 

Working  fluid  feed  temperature  (line  Al) 

°F 

4. 

Load  operating  temperature  (line  A2 ) 

°F 

5. 

Required  average  temperature  across  the 
collector  (line  A15) 

op 

6. 

Dry  bulb  daytime  annual  average  ambient 
temperature  at  the  site  (line  A17) 

°F 

7. 

At  -  Tc  -  Tamb 

°F 

8. 

Distance  from  the  collector  field  to 
the  load  (line  A3) 

it 

9. 

Collector  type 

10. 

Collector  optical  efficiency,  a  (line  B3) 

11. 

Collector  heat  loss  factor,  b  (line  B4) 

Btu/lir 

tt2  °1 

12. 

Minimum  (critical)  beam  insolation 
intensity  (line  B21) 

Btu/hr 

it2 

13. 

Average  beam  insolation  intensity  (line  B23) 

btu/hr 

it2 

14. 

Maximum  (peak)  beam  insolation 
intensity  (line  B27) 

Btu/hr 

it2 

15. 

Solar  plant  output  per  year  (line  D8) 

Btu/yr 

16. 

Solar  plant  operating  hours  per  year 

hr 

(line  B19) 

17. 

Solar  collector  area  (line  D12) 

it2 

18. 

Solar  plant  area  (line  D15) 

ft2 

19. 

Average  thermal  power  of  solar  plant 

Btu/hr 

(line  D18) 

20. 

Peak  thermal  power  of  solar  plant  (for 
sizing  pumping  system)  (line  D19) 

Btu/hr 
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(The  reverse  of  this  page  is  blank.) 


SECTION  11 


SITE  AND  LOAD:  WORKSHEET  A 


A.  OVERVIEW 

Use  Worksheet  A  to  calculate  the  required  average  temperature  across  the 
collector  and  to  identify  the  Guidebook  site.  To  begin  the  analysis,  the  only 
inputs  required  are  load  working  fluid  feed  temperature,  load  operating 
temperature,  and  the  distance  from  the  collector  field  to  the  load. 

B.  SITE  AND  LOAD  CHARACTERIZATION 


Worksheet  A  is  used  in  determining  values  tor  these  key  parameters: 


Tc  =  Required  average  temperature  across  the  collector  (°F) 

lamb  =  Dry  bulb,  daytime,  annual  average  ambient  temperature  ot 
the  site  (°F) 


Tc  ^amb 


To  arrive  at  values  for  these  parameters,  it  is  necessary  to  know: 


T^  =  Load  working  fluid  feed  temperature  (°F) 

T2  =  Operating  temperature  ot  the  loao  (°F) 

S  =  Distance  from  the  collector  field  to  the  load  (ft) 


The  required  average  temperature  across  the  collector  is  the  mean  ot  the 
required  outlet  and  inlet  temperatures.  The  required  outlet  temperature  is 
found  by  summing  the  load  operating  temperature  and  the  temperature  losses  in 
the  lines  within  the  collector  field,  in  the  thermal  transport  pipe,  and 
across  the  heat  exchanger.  (See  Figure  2,  Solar  Thermal  Flant  block 
Diagram.)  The  collector  inlet  temperature  is  found  in  a  similar  manner, 
starting  with  the  load  working  tluid  teed  temperature  and  accounting  tor 
temperature  losses  in  the  lines.  In  this  way,  the  entire  collector  field  is 
analyzed  as  a  unit;  the  individual  collectors  can  be  considered  as  plumbed  in 
parallel  or  series  without  affecting  the  analysis. 


It  should  be  noted  that  Worksheet  A  uses  a  temperature  drop  approach 
rather  than  a  heat  loss  approach  in  arriving  at  the  required  average 
temperature  across  the  collector.  In  doing  so,  many  approximations  were  made 
with  regard  to  pipe  insulation  thickness,  flow  rates,  collector  spacing  in  the 
field,  etc.  These  approximations  were  generated  by  working  the  problem  many 
times  and  arriving  at  temperature  drops  for  thermal  networks  having  the  best 
chance  of  being  economic  to  build,  operate,  and  maintain. 


The  ambient  temperature  of  tiie  site,  f  amb  >  daytime  average  over 

the  whole  year.  The  overnight  lows  are  excluded  because  the  solar  collector 
field  will  not  be  operating.  The  performance  ot  all  types  of  solar  collectors 
are  affected  by  the  variation  ot  ambient  temperature.  The  effect  is  more 
pronounced  for  flat  plate  and  evacuated  tube  collectors  than  for  parabolic 
trough  and  parabolic  dish  collectors. 


WORKSHEET  A 


TO  FIND  Tc 


Al.  Enter  the  approximate  feed  temperature  of  the  load  Al_ 

working  fluid  (T^). 

A2 .  Enter  the  approximate  operating  temperature  of  the  A2 

load  (T2) • 

A3.  Enter  the  approximate  distance,  S,  from  the  collector  A_3 

field  to  the  load  (or  to  the  heat  exchanger  next  to  the 
load ) . 


A4 .  Enter  the  approximate  temperature  difference  between  A4 

the  two  hot  sides  of  the  heat  exchanger. 

If  unsure,  use  the  following  values  for  the  type  of 
working  fluids  in  the  heat  exchanger: 

liquid  to  air  :  50°F 

liquid  to  liquid  :  25°F 

liquid  to  boiling  fluid  :  30°F 


A3.  Enter  the  approximate  temperature  drop  of  the  hot  A3 

working  fluid  from  the  collector  outlet  to  the 
heat  exchanger. 

If  unsure,  use  2°F  per  100°F  of  T2  per  100  ft 
of  transport  distance,  S.  Example:  for  a  load  with  an 
operating  temperature  of  300°F  served  by  a  collector 
field  200  ft  from  the  heat  exchanger / load , 


- — -  x  300°F  x  200  ft  =  1 2°F 

100°F  x  100  ft 

Collector  Thermal  Heat 

Field  Transport  Exchanger 


Load 


Figure  2.  Solar  Thermal  Plant  block  Diagram 
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WORKSHEET  A  (Continued) 


A6.  Add  lines  A2 ,  A4 ,  and  A3. 

A7.  Enter  the  approx i nia t e  temperature  drop  ot  the  hot 
working  fluid  in  the  piping  network  within  the 
collector  field,  estimated  as  line  Ah  x  0.03. 

A8.  Add  lines  Ah  and  A7. 

Line  A8  is  the  required  collector  outlet  temperature 

A9.  Enter  the  approximate  temperature  difference  between 
the  two  cool  sides  ot  the  heat  exchanger. 

If  unsure,  use  the  following  values  tor  the  type  of 
working  fluids  in  the  heat  exchanger: 

liquid  to  air  :  30°F 

liquid  to  liquid  :  23°F 

liquid  to  boiling  tluiu  :  5U°F 

A10.  Add  lines  A1  and  A9. 

Ail.  Enter  the  approximate  temperature  drop  ot  the  cool 
working  fluid  going  through  the  thermal  transport 
pipe  from  the  heat  exchanger  outlet  to  the  collector 
field. 

If  unsure,  use  2°F  per  100°F  of  line  A10  per 
100  ft  of  transport  distance,  S. 

A12.  Subtract  line  All  from  line  AlO. 

A13.  Enter  the  approximate  temperature  drop  ot  the  cool 

working  fluid  in  the  piping  network  in  the  collector 
field,  estimated  as  line  A12  x  0.03. 

Aid.  Subtract  line  A13  from  line  A12. 

Line  A14  is  the  collector  inlet  temperature. 

Al5.  Add  lines  AS  and  A 14  and  divide  by  2. 

Line  A15  is  the  required  average  temperature 
across  the  collector,  Tc . 

TO  FIND  Tamb 

A16.  Enter  name  of  Guidebook  site  that  most  closely 
approximates  the  real  site  in  terms  of  climate, 
insolation,  and  general  proximity. 


WORKSHEET  A  (Continued) 

A17.  Enter  Tamb,  the  dry  bulb,  daytime,  average  annual  Al 7 

ambient  temperature  (°F)  for  the  site. 

If  unsure,  use  the  Guidebook  site  value. 


Albuquerque,  NM 

^amb 

bO 

Barstow,  CA 

68 

Cape  Hatteras,  NC 

66 

Madison,  WI 

50 

Maynard,  MA 

53 

Medford,  OR 

57 

Miami,  FL 

7S 

Omaha,  NB 

57 

TO  FIND  At 

A18.  Subtract  line  A17  from  A15  to  obtain  AT,  the  Al8 

difference  between  the  required  average  temperature 
across  the  collector  and  the  average  ambient  temperature. 


END  OF  WORKSHEET  A 
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SECTION  111 


INSOLATION  AVAILABLE  TO  THE  COLLECTOR:  WORKSHEET  fa 


A.  OVERVIEW 

Use  Worksheet  B  and  an  Insolation  Nomogram  to  determine  the  insolation 
energy  available  to  a  specific  collector  type  at  a  particular  Guidebook  site. 
All  inputs  to  Worksheet  B  are  either  self-contained  in  Worksheet  B  or  are 
parameters  solved  for  in  Worksheet  A. 

B.  CHARACTERIZATION  OF  AVAILABLE  ENERGY 

Worksheet  B  is  used  in  determining  the  insolation  energy  at  any  of  the 
eight  Guidebook  sites  available  for  conversion  into  thermal  energy  by  any  of 
the  four  collector  types.  The  following  key  parameters  will  be  solved  for, 
using  a  nomogram  in  conjunction  with  Worksheet  B: 

laVg  =  Average  beam  insolation  intensity  at  a  particular  site 
over  h  hours  of  operation  per  year  (Btu/hr  ft2) 

qab^  =  Insolation  energy  per  unit  area  available  to  a  specific 

type  of  collector  at  a  particular  site  summed  over  h  hours 
per  year  that  insolation  intensity  meets  or  exceeds 
Imin  (Btu/ft2  yr) 

q ^  =  Insolation  energy  per  unit  area  incident  at  a  particular 

site  summed  over  all  the  hours  of  sunshine  for  the  year 
(Btu/ft2  yr) 

In, in  =  Critical  beam  insolation  intensity;  the  threshold,  or 

minimum,  insolation  intensity  at  which  the  collector 
provides  a  net  positive  thermal  energy  output  at  the 
required  average  collector  temperature  (.Btu/hr  ft2) 

h  =  Hours  per  year  that  the  beam  insolation  intensity  meets  or 

exceeds  lmjn;  hours  of  collector  operation  per  year 

In,^  =  Peak  beam  insolation  intensity  (.Btu/hr  ft2) 

To  arrive  at  values  for  these  parameters,  it  is  necessary  to  know: 

AT  =  T’c  -  Tamb  (°F) 

a  =  Collector  optical  efficiency  (from  Table  2) 

b  =  Heat  loss  factor  tor  the  collector  (btu/hr  It"-  UF) 

(from  Table  2) 

Throughout  the  year,  beam  insolation  intensity  (Btu/hr  it2)  varies 
instantaneously.  Measurements  taken  at  15-minute  intervals  can  be  averaged  to 
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give  an  approximation  for  an  hourly  value.  The  hourly  averages  can  be  added. 
Then  the  total  is  divided  by  the  total  number  of  hours  of  data  for  the  year  to 
obtain  an  annual  average  beam  intensity. 

This  annual  average  includes  data  points  for  which  the  beam  insolation 
intensity  is  very  low,  too  low  to  operate  a  collector  productively.  These 
very  low  values  of  beam  insolation  intensity  must  be  eliminated  from 
cons idera t ion  to  get  a  true  estimate  of  the  average  beam  insolation  intensity 
while  the  collector  is  operating. 

The  minimum  acceptable  level  of  insolation  intensity  varies  with  collector 
type.  This  is  because  collector  types  differ  in  optical  efficiency  and  heat 
loss  factor.  Collectors  with  high  optical  efficiencies  allow  nearly  all  of 
the  beam  insolation  to  pass  on  to  the  absorber  plate  or  receiver.  Very  little 
is  lost  due  to  unwanted  reflections  of  transmission  losses  in  the  mirror, 
lens,  or  cover  plates.  Collectors  with  low  heat  loss  factors  lose  very  little 
thermal  energy  from  the  hot  absorber  or  receiver  to  the  surroundings  at 
ambient  temperature. 

The  minimum  acceptable  level  of  insolation  intensity  varies  also  with 
required  average  temperature  across  the  collector.  During  periods  of  low 
insolation  intensity,  a  particular  type  of  collector  may  not  be  able  to  raise 
the  working  fluid  temperature  to  the  required  level,  Tc. 

For  each  site,  then,  there  is  a  certain  amount  of  insolation  energy  each 
year  (q^)  incident  at  the  site.  Only  a  certain  fraction  of  this  insolation 
energy  is  at  an  intensity  (!_,£„)  high  enough  to  be  available  to  the  specific 
type  of  collector  being  considered  for  operation  at  a  required  average 
temperature  across  the  collector,  Tc.  This  available  energy  is  qabl* 

When  the  collector  is  operating,  approximately  h  hours  per  year,  the  intensity 
of  the  insolation  is  Iav„,  on  the  average.  For  a  few  hours  each  year,  the 
insolation  intensity  peaks  at  lmax- 

The  key  parameters  discussed  above  are  represented  graphically  in  the 
Insolation  Nomograms.  (There  are  eight  Insolation  Nomograms,  one  tor  each 
Guidebook  site.)  On  the  nomogram  are  many  interrelated  scales  linking  the  key 
parameters.  The  worksheets  provide  directions  on  how  to  go  from  one  scale  to 
the  next  in  a  few  seconds,  arriving  at  a  set  of  graphical  solutions  for  the 
key  parameters. 

The  Isolation  Nomograms  for  the  eight  Guidebook  sites  are  contained  in 
Appendix  B. 
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WORK.SHfc.fcl  b 


TO  FIND  qabl 


B1  .  Enter  ^2'  t'ie  a  PPr  oxtnia  te  operating  temperature  bl 

of  the  load,  from  line  A2. 

B2.  Place  a  check  mark  next  to  the  collector  types  which  bg 

could  meet  T2: 


Flat  Plate 

120  - 

2  lU°F 

Evacuated 

Tube : 

1  30  - 

300°  fc 

Parabol ic 

Trough : 

200  - 

ouu°y 

Parabol ic 

Dish: 

300  - 

20UU°K 

Enter  on  line  B2  the  collector  type  to  be  considered 
this  time  through  the  methodology.  It  a  spec  1  tic 
manufacturer's  collector  is  to  be  considered ,  enter 
the  manufacturer's  collector  type. 


B3.  Enter  the  value  for  collector  optical  etticiency,  ti.) 

a,  from  Table  2.  (If  using  a  particular  manufacturer'* 
collector,  ass  tin  manufacturer  tor  the  value  .■!  a, 
certified  through  testing  by  the  National  bureau  of 
Standards .  ) 

84.  Enter  the  value  tor  collector  heat  loss  lactor,  b,  b-. 

from  Table  2.  (It  using  a  particular  maim  tac  t  ut  <-r  '  :■ 
collector,  ask  the  manufacturer  tor  the  value  ol  b, 
certified  through  testing  by  the  National  bureau  ot 
Standards . ) 


B5.  Enter  the  name  ot  the  Guidebook  site  representing  the  b  ; 
actual  site  (same  as  line  Alb).  Select  the  Insolation 
Nomogram  for  the  Guidebook  site  listed  on  line  b.r>. 

There  are  eight  different  insolation  nomograms, 
one  for  each  Guidebook  site. 


bh.  Find  the  a  and  b  scales  on  the  Insolation  Nomogram.  bo  Sec  Nomobram 

Make  a  mark  on  the  paper  at  point  (a,b).  (Hie 
values  for  a  and  b  are  lines  B3  and  B4  respectively). 

8/.  Draw  a  line  from  point  (a,b)  to  the  origin.  bj_  bee  Nomogi  an. 


lib.  Enter  Al  from  line  Aid. 


bh 


89.  Find  the  Al  and  1  scales  on  the  Insolation  b_4  bee  Nomogram 

Nomogram.  (Make  sure  the  Al  scale  is  the  correct 
scale  for  the  type  of  collector  listed  on  line  b._.) 

310.  Draw  a  vertical  line  starting  at  the  value  ol  Al  bib  See  Nomogram 

(from  line  Bb)  on  the  Al  scale  and  continuing 
down  for  about  )  inches. 


WORKSHEET  b  (Continued) 


Bll.  Draw  a  line  parallel  to  the  sloping  a/b  line  drawn  in  Bll  bee  Nomogram 
step  B7.  Start  at  the  origin  ol  the  AT,  1  scales 
and  continue  until  intersecting  the  line  down  irotn  AT 
in  step  BIO. 


B12.  Draw  a  horizontal  line  starting  at  the  point  of 
intersection  in  step  Bll  and  continuing  to  the 
right  until  intersecting  the  curved  line  labeled 
”  XI  x  h." 

B13.  Find  the  q^  and  qab^  scales  on  the  Insolation 
Nomogram. 

B14.  Draw  a  vertical  line  starting  at  the  point  of 
intersection  on  the  curved  line  labeled 
"  XI  x  h"  and  continuing  down  until  intersecting 
the  sloping  line  between  the  q^  and  qabi  scales. 

B15.  Draw  a  horizontal  line  starting  at  the  point  of 
intersection  on  the  sloping  line  between  the  q£ 
and  qapi  scales.  Continue  to  the  right  until 
intersecting  the  qabi  scale-.  This  intercept  on 
the  qabt  scale  is  the  insolation  energy  available 
to  the  particular  collector  at  the  selected  site 
for  the  required  average  collector  temperature. 

Bl6.  Enter  qat,j  the  energy  available  to  the 
collector,  as  found  in  step  B13. 

TO  KIND  h 


B12  See  Nomogram 


B13  See  Nomogram 

B14  See  Nomogram 


bl 5  See  Nomogram 


B16 


B 1 7 .  Refer  to  step  Bll.  Draw  a  horizontal  line 

starting  at  the  point  of  intersection  in  step  Bll 
and  continuing  to  the  left  until  intersecting  the 
curved  line  labeled  "hr." 

B18.  Draw  a  vertical  line  starting  at  the  point  of 

intersection  on  the  curved  line  labeled  "hr"  and 
continuing  upward  to  the  Duration  scale.  The 
intercept  on  the  Duration  scale  is  h,  the  number  of 
hours  per  year  that  insolation  will  meet  or  exceed 
the  critical  insolation  intensity,  lmin*  It  is  also 
the  number  of  hours  of  collector  operation  per  year. 

B19 .  Enter  h,  as  found  in  step  B18.  B19 


Bl 7  See  Nomogram 


B18  See  Nomogram 


lb 


WORKSHEET  B  (Continued) 


TO  FIND  Imln 


B20.  Refer  to  step  B12  and  to  step  B17.  Tlie  line  drawn  in  B2U  See  Nomogram 
these  two  steps  is  a  straight  line.  Extend  this  line 
to  the  right  to  intersect  the  1  scale.  This 
intercept  is  lmini  the  critical  level  ot  insolation 
intensity  below  which  the  collector  cannot  produce 
useful  thermal  energy  at  the  required  average 
temperature  across  the  collector. 

B21.  Enter  Imin,  the  critical  insolation  intensity,  as  B21  _ 

found  in  step  B20. 

TO  FIND  lavg 


B22.  Refer  to  step  B12  and  to  step  B17.  The  line  drawn  in  b22  See  Nomogram 
these  two  steps  is  a  straight  line  that  intersects 
the  Iavg  curve.  From  this  point  ol  intersection, 
draw  a  vertical  line  down  to  the  qj  scale  and  then 
up  to  the  right  at  a  45°  angle  onto  the  1  scale. 

This  intercept  on  the  1  scale  is  lav  ,  the  average 
beam  insolation  intensity. 

B23.  Enter  Iavg,  average  beam  insolation  intensity,  B23  _ 

as  found  in  step  B22. 

TO  FIND  W 


B24.  Find  the  point  where  the  Iavg  curve  intercepts  the  B24  See  Nomogram 

I  axis.  This  intercept  is  l^ax,  the  peak  beam 
insolation  intensity. 

B25.  Enter  Imax,  the  peak  beam  insolation  intensity,  B25  _ 

as  found  in  step  B24. 


END  OF  WORKSHEET  B 
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SECTION  IV 


COLLECTOR  OUTPUT:  WORKSHEET  C 


A.  OVERVIEW 

Use  Worksheet  C  and  the  Collector  Nomogram  to  find  the  collector  output  on 
a  per-unit-area  basis.  All  inputs  to  Worksheet  C  are  either  self-contained  in 
Worksheet  C  or  are  parameters  solved  for  in  Worksheets  A  and  h. 

B.  COLLECTOR  PERFORMANCE  CHARACTERISATION 

Worksheet  C  is  used  in  determining  values  lor  the  key  parameters  that 
characterize  collector  performance  per  unit  area: 

q  =  useful  annual  heat  output  of  the  collector  per  unit  area 

(.Btu/tt2  yr) 

pa  Average  thermal  power  ol  the  collector  per  unit  area  on 

average  during  the  h  hours  of  operation  per  year  tbtu/hr 
ft2) 

Umax  =  Peak  thermal  power  of  the  collector  per  unit  area  tbtu/hr 
ft2) 

Nmax  =  Collector  efficiency  at  peak  insolation 
intensity  (lmax) 

NaVg  =  Collector  average  efficiency 

To  accomplish  the  analysis,  the  following  inputs  are  needed: 

AT  =  lc  -  1  amb  (from  Worksheet  A) 

a  =  Optical  efficiency  ol  the  collector  ttrom  Worksheet  b) 

b  =  Heat  loss  factor  tor  the  collector 

tbtu/hr  (L2  °F)(troni  Worksheet  B) 

=  Energy  available  to  the  collector  per  unit  area 
tbtu/ft-  yr)  (from  Worksheet  B) 

There  is  a  certain  amount  ot  insolation  energy  tqt)  each  year  incident 
at  the  site.  Of  this  amount,  only  a  traction  is  actually  available  tq^pj) 
to  the  collector.  That  is,  the  insolation  intensity  is  not  always  high  enough 
to  permit  a  collector  to  raise  the  working  fluid  temperature  to  the  required 
temperature  (Tc)  and  produce  useful  energy.  Usetul  energy  is  produced  h 
hours  per  year,  and  the  quantity  of  useful  energy  is  q  .  The  relationship 
between  and  *  -s  that  of  input  and  output.  A  collector  converts 

available  insolation  energv  Iq.^j)  to  usetul  heat  energy  fqu)  at  an 
average  efficiency  ot  Nav>,  . 


IV 


There  are  a  few  hours  each  year  when  beam  insolation  intensity  peaks  at 
Inlax.  It  is  important  to  know  this  value  because  the  pumping  system  for  the 
plant  should  be  sized  for  peak  conditions.  Otherwise,  the  collector  may 
overheat  and  be  damaged  when  the  insolation  intensity  is  at  the  peak.  The 
collector  efficiency  at  peak  insolation  conditions  (f^ax)  is  a  little  higher 
than  the  average  efficiency.  The  thermal  power  (pmax)  at  is 

significantly  higher  than  pavg. 

The  Collector  Nomogram  is  presented  in  Appendix  C.  There  is  only  one 
Collector  Nomogram.  It  can  be  used  for  all  four  collector  types. 
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WORKSHEET  l 


TO  FIND  Navg 


Cl  . 

Enter  collector  optical  efticienry,  a,  trout  line  Ii3. 

cl 

0  2. 

Enter  collector  heat  loss  factor,  t  > ,  trom  line  bu . 

c2 

03. 

Find  the  a  and  b  scales  on  the  Collector  Nomogram. 

0  3 

See  Nomogram 

Make  a  mark  on  the  paper  at  point  la.n).  (.The  values 
for  a  and  b  are  lines  01  and  02,  respectively.) 

04. 

Enter  AT  from  line  B8. 

04 

OS. 

Enter  1 from  line  1423. 
av  g 

ob 

Oh. 

Find  the  AT  and  I  scales  oil  the  Oo  l  lector  Nomogram. 

Oh 

See  Nomogram 

Make  a  mark  on  the  paper  at  point  (Ai,l;ivg).  (The 
values  for  AT  aim  lav,  are  lines  fa  aiul  OS, 
respec  t  ive  ly  .  ) 

07. 

Draw  a  lint  from  point  CAT,lavg)  to  the  origin. 

Draw  a  line  parallel  to  the  line  just  diawn  m  step  07, 

02 

See  Nomogram 

08. 

Ob 

See  Nomogram 

starting  from  point  (a,t>)  ana  intersecting  the  a  scale. 
This  intercept  is  Navg,  the  average  cl  tit  tency  ot  the 
collector. 


09.  Enter  the  collector  etticiency,  Nav  ,  as  touiui  in  09 

step  08. 

TO  FIND  i|u 


C  1 0 . 

Enter  cjnbl 

from  lint- 

H.  n. 

01  u 

Oil. 

Find  the  N 
Nomog  t  am . 

scale  anti 

(Note  that 

'mill  '* 1 

llah  1 

o  on  t  ne  o  ti  1  lee  t  or 

axis  is  across  1  roia 

o  1  1  See  Nomogram 

t  he  <|  sea  1  e  .  ) 

Make 

a  mark  on  the  pap 

ot  on 

t  lie 

scale  at  point 

Tab  1 

(line  t  1 U ) . 

012. 

Draw  a  line  tri¬ 

in  point  t|ab  i  to  the  t-i  i 

)  n>. 

ol  2 

bo  V 

Nomogram 

on. 

ll  raw  a  vertical 

1  i  no 

starting  at  t  he  N 

•IVg  i"’ 

i  nt 

on 

013 

Sen 

Nomogt  am 

t  he  a  sea  1  e  ami 

cent 

i nu i ng  down  uni  i  1 

intersect  i ng  t  h 

t  si  e 

ping  1 i ne  d  r awn  i  n 

step 

l  12. 

oli; 

i/rav  ,1  horizontal  line  starting  at  the 

po  i  nt 

o  1 

0  14 

intersect i on  on 

t  he 

s  1  -  '  p  i  n>;  l  t  iif  Ulrtf 

r  in  t  nod 

l  n 

step  ( 13/  and  continue  to  the  right,  intersecting 
the  f|  sea  1  (  .  This  value  ir  t  <|u  w  l  1  1  ‘  lie  i  rllecteil 
1  a  1 1  i  lor  orientation  o  1  the  re.  1  1  ec  t  oi  ,  use  o  1  total 
trainer  than  beam  only)  insolation,  rosine  losses, 
and  latitude.  Enter  this  umorree  t  ed  value  ot 
<ju  .>n  1  l  ne  (Id. 


.’1 


WORKSHEET  C  (Continued) 


CIS. 


C16. 


Enter  the  correction 

factor  for 

collector  orientation,  C15 

use  of  total  insolation,  cosine 
from  the  table  below: 

losses  , 

and  latitude 

Flat  Plate 

& 

Parabolic  Trough 

Parabolic 

Site 

Evacuated 

Tube 

E-W 

N-S 

Dish 

Albuquerque ,  NM 

0.7  7 

0.76 

0.87 

1.0 

Bars  tow,  CA 

0.77 

0.7b 

0.87 

1.0 

Cape  Hatteras,  NC 

0.78 

0.76 

0.87 

1 .0 

Madison,  W1 

0.78 

0.76 

0.85 

1.0 

Maynard,  MA 

0.  78 

0.76 

0.85 

1 .0 

Med  ford  ,  OR 

0.78 

0.76 

0.85 

1.0 

Miami ,  FL 

0.79 

0.77 

0.91 

1.0 

Omaha,  NB 

0.77 

0.76 

0.86 

1.0 

Multiply  line  CIA  by 

line  C 1 5  to 

obtain 

qu,  the 

Clb 

useful  annual  heat  output  of  the  collector. 


TO  FIND  pavg 


C17.  Draw  a  sloping  line  joining  lavg  and  the  origin  Cl  7  See  Nomogram 

of  the  a  and  b  scales.  At  the  point  ol  intersection 
of  this  line  and  the  vertical  line  drawn  in  step 
C13,  draw  a  horizontal  line,  intersecting  the  p  scale. 

This  intercept  is  Pavg,  f*ie  average  thermal  power 
output  of  the  collector  per  unit  area. 


CIS.  Enter  PaVg  as  found  in  step  C17.  CIS 

TO  FIND  f^ax 


C19.  Enter  Imax  from  line  B25.  C19  _ 

C20.  Find  the  AT  and  I  scales  on  the  Collector  Nomogram.  C20  See  Nomogram 

Make  a  mark  on  the  paper  at  point  (Al ,  1^,4).  (The 
values  for  AT  and  Imax  are  lines  C4  and  C19, 
respect ively .  ) 

C21.  Draw  a  line  from  point  (AT,Imax)  to  the  origin.  C2 1  See  Nomogram 


C22.  Draw  a  line  parallel  to  the  line  just  drawn  in  step  C22  See  Nomogram 

C21,  starting  from  point  (a,b)  and  intersecting  the 
a  scale.  This  intercept  is  Nmax,  the  peak  efficiency 
of  the  collector. 
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WORKSHEET  C  (Continued) 


C23.  Enter  the  collector  peak  efficiency,  as  found  C23 

in  step  C22. 

T0  ™  Pmax 

C24.  Draw  a  sloping  line  from  lnlax,  on  the  1  scale, 

to  the  origin.  Draw  a  vertical  line  starting  at 
Nmax  point  on  the  a  scale  and  continuing  down 
until  intersecting  the  sloping  line,  from  lmax 
to  the  origin. 

C25.  Draw  a  horizontal  line  starting  at  the  point  of  C25  See  Nomogram 

intersection  in  step  C24  and  continuing  to  the  right 
until  intersecting  the  p  scale.  This  intercept  is 
Pmax*  c^e  Peak  thermal  power  of  the  collector. 

C26.  Enter  pmax ,  the  peak  thermal  power  of  the  collector,  u26  _ 

as  found  in  step  C25. 


the 

C24  See  Nomogram 


END  OF  WORKSHEET  C 
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(The  reverse  of  this  page  is  blank.) 


SECTION  V 


PLANT  SIZING:  WORKSHEET  D 


A.  OVERVIEW 


Use  Worksheet  D  to  find  the  energy  output  and  thermal  power  of  the  plant. 
All  inputs  to  Worksheet  D  are  either  self-contained  in  Worksheet  h  or  are 
parameters  solved  for  in  Worksheets  A  through  C. 

B.  CHARACTERIZATION  OF  THE  PLANT 


Worksheet  D  is  used  in  determining  values  for  these  key  parameters: 

Ac  =  Collector  area  tft^) 

Ap  =  Plant  area  ( i t ^ ) 

Qu  =  Useful  annual  heat  output  ot  the  plant  (Btu/yrl 

PAvg  =  AveraSe  thermal  power  of  the  plant  (otu/hr) 

PMAX  =  Peak  thermal  power  of  the  plant  (Btu/hr) 

To  accomplish  the  analysis,  the  following  inputs  are  needed: 

q„  =  Useful  annual  heat  output  ot  the  collector 

(Btu/tf-  yr) 

OCR  =  Ground  cover  ratio;  the  ratio  ol  collector  area  to  the 

total  required  plant  area 


The  plant  propirties  are  Ap,  C)u,  Pa\'G>  anci  '’hAX'  Ap  llS  L'10  att-a 
of  the  plant,  whtcli  includes  collector  area,  allowances  tor  spacing  Between 
collectors,  and  an  allowance  for  maintenance  access.  I  tie  allowance  tor 
spacing  between  collectors  is  called  the  ground  cover  ratio  (GCK1,  winch  is  a 
convenient  way  of  expressing  how  close  together  the  collectors  can  be 
installed  before  blocking  and  shading  losses  become  unacceptable. 


The  useful  annual  heat  energy  ot  the  plant,  U(i  ,  is  the  energy  that 
actually  arrives  at  the  load.  It  is  the  output  of  each  tt^  ol  collector 
(qu),  integrated  over  the  collector  field  (Ac),  and  adjusted  Oownwaru  tor 
line  losses.  The  line  losses  are  approximated  in  the  worksheet  so  no  complex 
heat  transfer  equations  need  to  be  solved. 


The  average  thermal  power  of  the  plant,  Pavg>  nleasureo  in  btu/hi 


Think  of  the  plant  operating  tor  many  hours  eacli  year,  producing  energy  at 
some  rate  that  varies  due  to  the  level  ot  insolation  intensity.  For  the  h 
that  the  collector  operates,  the  heat  output  per  hour  is  a 
thermal  power  ot  the  plant.  The  total  energy  produced,  Qu , 
number  ot  hours  the  collector  operated,  h,  is  an  approximate 
average  thermal  power  ot  the  plant.  The  peak  plant  power, 


hours  per  year 
measure  of  the 
divided  by  the 
measure  of  the 


2b 


WORKSHEET  D 


Dl.  Enter  qu,  useful  annual  heat  output  of  the  collector  D_1 
per  unit  area  (Btu/ft^  yr)  from  line  C16. 

D2.  Enter  pmax ,  peak  thermal  power  of  the  collector  per  D2 

unit  area  (Btu/hr  ft^)  from  line  C26. 

D3.  If  solving  for  required  collector  area,  Ac ,  given  D3 

load  size,  go  to  DIO. 

D4.  If  solving  for  annual  useful  heat  output  of  the  plant,  D4 
Qu,  given  collector  area,  go  to  D5. 


TO  FIND  Qu 

D5.  Enter  collector  area,  Ac .  D5 

D6.  Enter  S,  the  distance  from  the  collector  field  to  the 

load,  from  line  A3.  Db 

D7.  Enter  the  approximate  fraction  of  thermal  energy  D7 

retention  by  the  working  fluid  as  it  flows  from  the 
collectors  in  the  field  to  the  heat  exchanger  near  the 
load.  If  unsure,  use  the  following  formula: 

D7  =  0.9  -  0.0005S. 

08.  Enter  the  approximate  fraction  of  thermal  energy  D8 

transferred  in  the  heat  exchanger.  If  unsure, 
use  the  following: 

liquid  to  air:  0.90 

liquid  to  liquid:  0.93 

liquid  to  boiling  fluid:  0.90 

D9.  Multiply  lines  Dl ,  D5,  D7,  and  D8  to  obtain  Qu ,  the  D9 

thermal  energy  provided  by  the  plant  to  the  load  each 
year.  Go  to  line  D12. 

TO  FIND  Ac 

D10.  Enter  load  size  to  be  served  by  the  solar  plant.  This  D10 
is  the  minimum  daytime  load  experienced  during  the 
year  (Btu/hr). 

Dll.  Divide  line  D10  by  line  D2  to  obtain  Ac ,  the  required  Dll 
collector  area. 

TO  FIND  Ap 

D 12 .  Enter  Ac ,  the  collector  area,  from  line  D5  or  D12 

line  Dll. 
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WORKSHEET  D 


(Continued) 


D13.  Enter  GCR,  ground  cover  ratio,  selected  from  the  D13 

following  table: 


Si  te 

Flat  Plate  & 
Evacuated  Tube 

Parabolic 

E-W 

Trough 

N-S 

Parabolic 

Dish 

Albuquerque,  NM 

O.bl 

0.61 

0.42 

0.35 

Bar stow,  CA 

O.bl 

0.61 

0.42 

0.35 

Cape  Hatteras,  NC 

0.61 

0.61 

0.42 

0.35 

Madison,  WI 

0.48 

0.50 

0.37 

0.35 

Maynard  ,  MA 

0.52 

0.53 

0.38 

0.35 

Medford,  OR 

0.52 

0.53 

0.38 

0.35 

Miami,  FL 

0.80 

0.75 

0.50 

0.35 

Omaha,  NB 

0.52 

0.53 

0.38 

0.35 

D14 . 

Divide  line  012  by  line  D13. 

014 

D15. 

Multiply  line  D14  by 

1.10,  to  allow 

for  maintenance 

015 

access  area. 

Line  D15  is  Ap,  plant  area. 

D16.  Enter  area  available  for  a  solar  plant  at  the  plant  01b 

site  ( f  t ^ .  jf  line  D16  is  greater  than  or  equal  to 

line  D15,  go  to  line  017.  If  line  D16  is  less  than 

line  015,  the  available  area  is  inadequate  and  a  new 

smaller  value  for  Ac  must  be  used.  Calculate  the 

new  A  as  follows: 
c 

(line  D16/1.10)  x  line  013 
Using  this  new  value  for  A^ ,  go  to  line  D5. 

TO  FIND  PAVG 


017.  Enter  h,  the  number  of  hours  per  year  of  collector  D17 

operation,  from  line  B19. 

D18.  Divide  line  09  by  line  017.  Old 

Line  018  is  PAVG>  the  average  thermal  power 
of  the  plant. 

TO  FIND  PMAX 


019.  Multiply  lines  02,  07,  08,  and  012.  019 

Line  019  is  PjxaX>  the  Peak  thermal  power 
of  the  plant. 

END  OF  WORKSHEET  D 
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(The  reverse  of  this  page  is  blank. 


SAMPLE  CASE 


The  following  sample  case  is  provided  to  illustrate  the  use  of  the 
Guidebook.  Proposed  is  a  100,000  ft2  trough  collector  field  at  Colorado 
Springs,  Colorado. 


The  inputs  to  the  analysis  are  given  as  follows: 


1.  Site  of  possible  solar  plant: 

2.  Load  working  fluid  feed  temperature: 

3.  Load  operating  temperature: 

4.  Distance  from  collector  field  to  load: 

5.  Solar  collector  area: 

6.  Collector  type: 

7.  Area  available  at  the  site: 

8.  Solar  thermal  plant  diagram  per 
Figure  2  in  Guidebook. 

The  outputs  of  the  analysis  are  as  follows: 

1.  Solar  plant  output  per  year 

2.  Peak  thermal  power  of  solar  plant 

3.  Average  thermal  power  of  solar  plant 

4.  Required  plant  area 


Colorado  Springs,  CO 

Tl  =  b0°P 

T2  =  34b°F 

S  =  200  ft 

Ac  =  100,000  ft2 

Trough 

400,000  ft2 


The  sample  case  is  documented  in  the  completed  worksheets,  nomograms , 
information  sheet  in  this  appendix. 


WORKSHEET  A 


TO  FIND  Tc 


Al. 

Enter  the  approximate 
working  fluid  (T^). 

feed  temperature  of  the  load 

Al 

60 

°F 

A2  . 

Enter 

load 

the  approximate 

(t2). 

operating  temperature  of  the 

A2 

345 

0  F 

A3. 

Enter 

the  approximate 

distance,  S,  from  the  collector 

A3 

200 

ft 

field 

load) 

to  the  load  (or 

to  the  heat  exchanger  next  to  the 

A4 . 

Enter 

the  approximate 

temperature  difference  between 

A4 

25 

°F 

the  two  hot  sides  of  the  heat  exchanger. 

If  unsure,  use  the  following  values  for  the  type  of 
working  fluids  in  the  heat  exchanger: 


liquid  to  air  :  50°F 

liquid  to  liquid  :  25°F 

liquid  to  boiling  fluid  :  50°F 

A5.  Enter  the  approximate  temperature  drop  of  the  hot  A5  _ 14 °F 

working  fluid  from  the  collector  outlet  to  the 
heat  exchanger. 

If  unsure,  use  2°F  per  100°F  of  T2  per  100  ft 
of  transport  distance,  S.  Example:  for  a  load  with  an 
operating  temperature  of  300°F  served  by  a  collector 
field  200  ft  from  the  heat  exchanger / load , 

- — -  x  300°F  x  200  ft  =  1 2°F 

100°F  x  100  ft 

Collector  Thermal  Heat 

Field  Transport  Exchanger  Load 


T 

c 


Solar  Thermal  Plant  Block  Diagram 
34 


Figure  2. 


? 


WO'Kr  blil.h'l  A  (.  Lont  Lliutil  ) 


% 


Ab. 

Add  lines 

A?  ,  A*4  ,  an 

.(  A  ri . 

Ab 

JbA  0 

F 

A7. 

Knter  the 

.ipprox  miat. 

t  t  empi- 1  a  t  u  re  d 

r  o  p  o  1 

tiie  hoi 

A7 

12° 

F 

work i ug  t 

1  u  id  in  the 

pipinc  network 

Wl  til  111 

the 

col  lector 

field,  est 

i  mated  as  line 

Ab  x  0. 

u3. 

AS  . 

Add  lines 

Ab  and  A7. 

Ab 

F 

Line  AS  is  the  required  collector  outlet  temperature. 


A1*.  Inter  the  approximate  temperature  difteience  between  Ad  i )  °  i-’ 

t lie  two  cool  sides  oi  the  heat  exchanger. 

If  unsure,  use  the  following  values  for  l  iie  type  ot 
working  fluids  in  the  heat  exchanger: 

liquid  to  air  :  3uJF 

liquid  to  liquid  :  25°F 

liquid  to  boiling  tluid  :  3 0 0 F 

A  10.  Add  lines  A1  anil  AV.  A 1 0  _ b  3  °  F 

All.  Inter  the  approximate  temperature  drop  ot  the  cool  All _ 3  °  F 

working  fluid  going  through  the  thermal  transport 
pipe  from  the  heat  exchanger  outlet  to  the  collector 
field. 

If  unsure,  use  2°K  per  luU°K  ot  line  Alt)  per 
100  ft  ot  transport  distance,  S. 


A12.  Subtract  line  All  from  line  AlO.  Air  e_“F 


A 1 3 

.  [inter  the  approximate  tompeiature  drop  ol  the  cool 

Al  3 

°F 

working  fluid  in  tiie  piping  network  in  the  collector 
field,  estimated  as  line  A12  x  0.03. 

All 

.  Subtract  line  Al  1  Iron:  1 

i no  A  1  2  . 

A  Id 

fcU 

°  F 

bine  A17  m  tiie  nolle 

otur  inlet  temperature. 

A  1  S 

.  Add  lines  Ab  and  Al*  and 

d  l  V  l  de  !>V  2  . 

Aid 

^  36 

F 

[,  i  lie  Aid  is  t  lie  i  eqti  l 
across  tin-  collector, 

red  avoi.ige  temperature 

\- 

TO 

‘■'INI!  1anib 

A  1  b 

.  Knt  i*r  name  ot  i.u  i  cl»d>in>k 

site  that  most  c  1  use  ly 

A  1  b 

i\  1  Iniij 

Uf  1  CjUt* 

approximates  the  r*>al  site  m  terms  ol  climate, 
insolation,  am!  geiiot.il  proximity. 

♦ 


J 


WORKSHEET  A  (Continued) 


Al7.  Enter  Tanij,,  the  dry  bulb,  daytime,  average  annual  Al  7  _ 6(1°  F 

ambient  temperature  (°F)  tor  the  site. 

If  unsure,  use  the  Guidebook  site  value. 


Albuquerque,  NM 

^amb 

60 

Harstow,  CA 

68 

Cape  Hatteras,  NC 

b6 

Madison,  WI 

50 

Maynard,  MA 

53 

Medford,  OR 

57 

Miami,  FL 

79 

Omaha ,  NB 

57 

TO  FIND  At 

A18.  Subtract  line  A17  from  A15  to  obtain  AT,  the  Alb  1 7 6 ° F 

difference  between  the  required  average  temperature 
across  the  collector  and  the  average  ambient  temperature. 


END  OF  WORKSHEET  A 
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WORKSHEET  b 


TO  FIND  qabl 

Bl.  Enter  T2  ,  the  approximate  operating  temperature  B1  343° F _ 

of  the  load,  from  line  A2 . 

B2.  Place  a  check  mark  next  to  the  collector  types  which  B2_  trough 

could  meet  T^: 

Flat  Plate:  120  -  210°F  _ 

Evacuated  Tube:  1 30  -  300°F  _ 

Parabolic  Trough:  200  -  600°F  X 

Parabolic  Dish:  300  -  2000°F  X 

Enter  on  line  B2  the  collector  type  to  be  considered 
this  time  through  the  methodology.  If  a  specific 
manufacturer's  collector  is  to  be  considered,  enter 
the  manufacturer's  collector  type. 

B3.  Enter  the  value  for  collector  optical  efficiency,  113  0 .  b5 _ 

a,  from  Table  2.  (If  using  a  particular  manufacturer's 
collector,  ask  the  manufacturer  for  the  value  of  a, 
certified  through  testing  by  the  National  Bureau  ol 
Standards .  ) 

B4 .  Enter  the  value  for  collector  heat  loss  factor,  b,  Bh  0.  13  btu/hr  it 

from  Table  2.  (if  using  a  particular  manufacturer's 
collector,  ask  the  manufacturer  for  the  value  of  b, 
certified  through  testing  by  the  National  Bureau  of 
Standards . ) 

B5.  Enter  the  name  of  the  Guidebook  site  representing  the  Bo  Albuquerque 
actual  site  (same  as  line  Alo).  Select  the  Insolation 
Nomogram  for  the  Guidebook  site  listed  on  line  B3. 

There  are  eight  different  insolation  nomograms, 
one  for  each  Guidebook  site. 

Rb.  Find  the  a  and  b  scales  on  the  Insolation  Nomogram.  jib  See  Nomogram 

Make  a  mark  on  the  paper  at  point  (a,b).  (The 
values  for  a  and  b  are  lines  B3  and  B4  respectively). 

B7.  Draw  a  line  1  rom  point  fa,b)  to  the  origin.  B_7  See  Nomogram 

B8.  Enter  AT  from  line  Alb.  jib  1  7ti°F _ 

B9.  Find  the  A’l  and  L  scales  on  the  Insolation  B9_  See  Nomogram 

Nomogram.  (Make  sure  the  AT  scale  is  the  correct 
scale  for  the  type  of  collector  listed  on  line  B2.) 

B10.  Draw  a  vertical  line  starting  at  the  value  ol  AT  BIO  See  Nomogram 

(  t  rom  line  Bb)  on  the  AT  scale  and  continuing 
down  tor  about  1  inches. 
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WORKSHEET  B  (Continued) 


Bll.  Draw  a  line  parallel  to  the  sloping  a/b  line  drawn  in  Bll  See  Nomogram 
step  B7.  Start  at  the  origin  of  the  AT,  1  scales 
and  continue  until  intersecting  the  line  down  from  AT 
in  step  BIO. 


B12.  Draw  a  horizontal  line  starting  at  the  point  of 
intersection  in  step  Bll  and  continuing  to  the 
right  until  intersecting  the  curved  line  labeled 
"  El  x  h." 

B13.  Find  the  q^  and  qabi  scales  on  the  Insolation 
Nomogram. 

BlA.  Draw  a  vertical  line  starting  at  the  point  of 
intersection  on  the  curved  line  labeled 
"  El  x  n"  and  continuing  down  until  intersecting 
the  sloping  line  between  the  q^  and  qabi  scales. 

B15.  Draw  a  horizontal  line  starting  at  the  point  of 
intersection  on  the  sloping  line  between  the  q£ 
and  qabi  scales.  Continue  to  the  right  until 
intersecting  the  qab^  scale.  This  intercept  on 
the  qabi  scale  is  the  insolation  energy  available 
to  the  particular  collector  at  the  selected  site 
for  the  required  average  collector  temperature. 

B16.  Enter  qab 1 >  the  energy  available  to  the 
collector,  as  found  in  step  B15. 


B12  See  Nomogram 


B13  See  Nomogram 

B14  See  Nomogram 


Bl3  See  Nomogram 


Blb  0.77xl06  Btu/ft2 


TO  FIND  h 

B17.  Refer  to  step  Bll.  Draw  a  horizontal  line  B17  See  Nomogram 

starting  at  the  point  of  intersection  in  step  Bll 
and  continuing  to  the  left  until  intersecting  the 
curved  line  labeled  "hr." 

B18.  Draw  a  vertical  line  starting  at  the  point  of  BIB  See  Nomogram 

intersection  on  the  curved  line  labeled  "hr"  and 
continuing  upward  to  the  Duration  scale.  The 
intercept  on  the  Duration  scale  is  h,  the  number  of 
hours  per  year  that  insolation  will  meet  or  exceed 
the  critical  insolation  intensity,  lm£n.  It  is  also 
the  number  of  hours  of  collector  operation  per  year. 

B19.  Enter  h,  as  found  in  step  B18.  BIS)  3310  hr 
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WORKSHEET  11  (Continued) 


TO  FIND  Imln 

B20.  Refer  to  step  Bid  and  to  step  H17.  The  line  drawn  in  bio  bee  Nomogram 
these  two  steps  is  a  straight  line.  hxtenu  this  line 
to  the  right  to  intersect  the  1  scale.  This 
intercept  is  lmln,  the  critical  level  ot  insolation 
intensity  below  which  the  collector  cannot  produce 
useful  thermal  energy  at  the  required  average 
temperature  across  the  collector. 

B21.  Filter  lmjn,  the  critical  insolation  intensity,  as  t>2 1  jo  btu/hi  1 1  ^ 

found  in  step  112 1). 

TO  FIND  1  , 

avg 


B22.  Refer  to  step  B12  and  to  step  B 1 7 .  The  line  drawn  in  B2.  bee  Nomogram 
these  two  steps  is  a  straight  line  that  intersects 
the  la  curve.  From  this  point  of  intersection, 
draw  a  vertical  line  down  to  the  qt  scale  and  then 
up  to  the  right  at  a  bS1’  angle  onto  the  1  scale. 

This  intercept  on  the  1  scale  is  laVg>  the  average 
beam  insolation  intensity. 

B23.  Enter  Iav^,,  average  beam  insolation  intensity,  bj J  btu/hr  ir 

as  found  m  step  B22. 

TO  FIND  Imax 


B24.  Find  the  point  where  the  la  curve  intercepts  the  B24  bee  Nomogram 

I  axis.  This  intercept  is  1  ax ,  the  peak  beam 
insolation  intensity. 

B25.  Enter  Imax,  the  peak  beam  insolation  intensity,  b.l  b  .>11  btu/hr  IQ 

as  found  in  step  B24. 


END  OF  WORKSHEET  b 
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WORKSHEET  C 


TO  FIND  Navg 


Cl.  Enter  collector  optical  efficiency,  a,  from  line  B3. 
C2.  Enter  collector  heat  loss  factor,  b,  from  line  B4 . 


£1  0. 63 

c2  0.13  Btu/hr  ft2  °F 


C3 .  Find  the  a  and  b  scales  on  the  Collector  Nomogram.  £3  See  Nomogram 

Make  a  mark  on  the  paper  at  point  (a,b).  (The  values 
for  a  and  b  are  lines  Cl  and  C2 ,  respectively.) 

C4.  Enter  At  from  line  B8. 

C5.  Enter  Iavg  from  line  B23. 

C6.  Find  the  AT  and  I  scales  on  the  Collector  Nomogram.  Cb  See  Nomogram 

Make  a  mark  on  the  paper  at  point  (AT,IaVg).  (The 
values  for  AT  and  Iavg  are  lines  C4  and  C5, 
respectively.  ) 


C7. 

Draw  a 

line 

from  point 

(At  ,  i  avg) 

to  the  origin. 

£7 

See 

Nomogram 

C8. 

Draw  a 

line 

parallel  to 

the  line 

just  drawn  in  step  C7, 

C8 

See 

Nomogram 

starting  from  point  (a,b)  and  intersecting  the  a  scale. 
This  intercept  is  Navg,  the  average  efficiency  of  the 
collector. 


C4  1 7  8  °  F 

2 

C5  237  Btu/hr  ft 


C9.  Enter  the  collector  efficiency,  Navg,  as  found  in 
step  C8. 

TO  FIND  qu 


CIO.  Enter  qabi  from  line  B16. 

Cll.  Find  the  N  scale  and  qabi  scale  on  the  Collector 

Nomogram.  (Note  that  the  qabi  axis  is  across  from 
the  qu  scale.)  Make  a  mark  on  the  paper  on  the  qafc>l 
scale  at  point  qaj-,^  (line  CIO). 

CL2.  Draw  a  line  from  point  qa^  to  the  origin. 

C13.  Draw  a  vertical  line  starting  at  the  Navg  point  on 
the  a  scale  and  continuing  down  until 
intersecting  the  sloping  line  drawn  in  step  C12. 

C14.  Draw  a  horizontal  line  starting  at  the  point  ot 
intersection  on  the  sloping  line  (determined  in 
step  C13)  and  continue  to  the  right,  intersecting 
the  qtJ  scale.  This  value  ol  qu  will  be  corrected 
later  for  orientation  ot  the  collector,  use  ot  total 
(rather  than  beam  only)  insolation,  cosine  losses, 
and  latitude.  Enter  this  uncorrected  value  ot 
a.,  on  line  C14. 


C9  0.53 


6  2 
CIO  0.77x10  Btu/hr  ft" 

Cll  See  Nomogram 

C12  See  Nomogram 
CI3  See  Nomogram 

C14  0.41x10^  Btu  / ft*”  vr 


WORKSHEET  C  Cc.  .tinuci) 


Enter  the  correction 

factor  for 

collector  orientation,  CIS 

0.87 

use  of  total  insolation, 
from  the  table  below: 

cosine 

losses,  and  latitude 

Flat  Plate 

{>  Parabolic 

Trough 

Parabolic 

Site 

Evacuated 

Tube  E-W 

N-S 

Dish 

Albuquerque,  NM 

0.  77 

0.  7b 

0.87 

1.0 

Barstow,  CA 

0.77 

0.7b 

0.67 

1.0 

Cape  Hatteras,  NC 

0. 78 

0.76 

0.87 

1.0 

Madison,  WI 

0.78 

0.76 

0.83 

1.0 

Maynard,  MA 

0.78 

0.  7b 

0.85 

1.0 

Medford,  OR 

0.78 

0.76 

0.85 

1.0 

Miami ,  FL 

0.79 

0.77 

0.91 

1  .0 

Omaha,  NB 

0.7  7 

0.76 

0.8b 

1.0 

Multiply  line  Cl4  by 

1  i  ne 

Cl  5  to 

obtain  qu ,  the 

Clb 

0. 36*10*  ■ 

usetul  annual  heat  output  ot  the  collector. 
TO  FIND  pavg 


Cl  7. 


Draw  a  sloping  line  joining  l.1Vj,  and  the  origin 
of  the  a  and  b  scales.  At  the  point  ot  intersection 
of  this  line  and  the  vertical  line  drawn  in  step 
C13,  draw  a  horizontal  line,  intersecting  the  p  scale. 
This  intercept  is  P£iVg,  the  average  thermal  power 
output  of  tlie  collector  per  unit  area, 
per  unit  area. 


C18.  Enter  pclVg  as  found  in  step  Cl  7 
TO  FIND  Nm<,x 


Cl  9. 

C20. 

02  1  . 

0.2  2  . 


Enter  I„ 


from  line  B2  5. 


Find  the  A’l  and  I  scales  on  the  Collector  Nomogram. 
Make  a  mark  on  the  paper  at  point  (Al  ,  inr.x7.  (.The 


values  for  Al  and 
respec Lively.  ) 


are  lines  04  and  l  19, 


Draw  a  line  from  point  (Al,l„,iix)  to  the  origin. 


Draw  a  lino  parallel  to  tin-  line  just  drawn  m  step 
0  21,  starting  t  r . m  \  ’  i nt  ( a , h  )  and  i  n t  e i sec l l ug  the 
a  scale.  1  h  i  s  intercept  is  N  x,  the  peal, 
o t  the  col  lei  t  ot  . 


•  1  t  l  c  i  one v 


Cl  7  See  Nomogram 


Clb  129  btu/hr  1L‘ 

Cl  9  dll  btu/lir  If 
C20  See  Nomogram 

C2 1  See  Nomogram 
C 2 2  See  Nomogram 


WORKSHEET  C  (Continued) 


C23.  Enter  the  collector  peak  efficiency,  Nfl,;,*,  as  found  C23  0.58 

in  step  C22. 

T0  ™  Pmax 


C24.  Draw  a  sloping  line  from  Imax,  on  the  1  scale, 

to  the  origin.  Draw  a  vertical  line  starting  at  the 

^max  point  on  the  a  scale  and  continuing  down  C24  See  Nomogram 

until  intersecting  the  sloping  line,  from  l__v  * - 

to  the  origin. 

C25.  Draw  a  horizontal  line  starting  at  the  point  of  C25  See  Nomogram 

intersection  in  step  C24  and  continuing  to  the  right  . 

until  intersecting  the  p  scale.  This  intercept  is 
Pmax >  the  peak  thermal  power  of  the  collector. 

C26.  Enter  Pmax,  the  peak  thermal  power  of  the  collector,  C26  185  Btu/hr  ft2 

as  found  in  step  C25. 


END  OF  WORKSHEET  C 
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WORKSHEET  D 


Dl. 

Enter  qa,  useful  annual  heat  output  of  the  collector 
per  unit  area  (Btu/ft2  yr)  from  line  Clb. 

Dl 

0. 36x10  Btu/f  t  vr 

02. 

Enter  pmax,  peak  thermal  power  of  the  collector  per 
unit  area  (Btu/hr  ft2)  from  line  C2b. 

D2 

185  Btu/hr  ft2 

D3. 

If  solving  for  required  collector  area,  Ac ,  given 
load  size,  go  to  D10. 

D3 

N/A 

D4. 

If  solving  for  annual  useful  heat  output  of  the  plant. 

D4 

N/A 

Qu>  given  collector  area,  go  to  D5. 


TO  FIND  Qu 


D5 . 

Enter 

collector  area, 

Aq  • 

05 

100,000  ft2 

D6. 

Enter 
load , 

S,  the  distance 
from  line  A3. 

from  the 

collector  field  to  the 

Db 

200  ft 

D7 . 

Enter 

the  approximate 

fraction 

of  thermal  energy 

D7 

0.8 

retention  by  the  working  fluid  as  it  flows  from  the 
collectors  in  the  field  to  the  heat  exchanger  near  the 
load.  If  unsure,  use  the  following  formula: 

D7  =  0.9  -  0.0005S. 


D8.  Enter  the  approximate  fraction  of  thermal  energy 
transferred  in  the  heat  exchanger.  If  unsure, 
use  the  following: 

liquid  to  air:  0.90 

liquid  to  liquid:  0.95 

liquid  to  boiling  flur..:  0.90 


D9.  Multiply  lines  Dl,  05,  07,  and  D8  to  obtain  Qu ,  the 

thermal  energy  provided  by  the  plant  to  the  load  each 
year . 


D8  0.95 


09  27.4  x  109  titu/yr 


TO  FIND  Ac 


D10.  Enter  load  size  to  be  served  by  the  solar  plant.  This  DIO 
is  the  minimum  daytime  load  experienced  during  the 
year  (Btu/hr). 


Dll.  Divide  line  010  by  line  02  to  obtain  Ac ,  the  required  Dll 
collector  area. 

TO  FIND  Ap 


D12.  Enter  Ac ,  the  collector  area,  from  line  D5  or  012  100,000  ft2 

line  Dll. 


43 


1 


f 


WORKSHEET  D  (Continued) 


D13.  Enter  GCR,  ground  cover  ratio,  selected  from  the  U1 3  U.  35 

following  table: 


Site 

Flat  Plate  4 

Evacuated  Tube 

Parabolic 

E-W 

Trough 

N-S 

Parabolic 

Dish 

Albuquerque,  NM 

0.61 

0.61 

0.42 

0.35 

Bar stow,  CA 

0.61 

0.61 

0.42 

0.35 

Cape  Hatteras,  NC 

0.61 

0.61 

0.42 

0.35 

Madison,  WI 

0.48 

0.50 

0.37 

0.35 

Maynard,  MA 

0.52 

0.53 

0.38 

0.35 

Medford,  OR 

0.52 

0.53 

0.38 

0.35 

Miami ,  FL 

0.80 

0.75 

0.50 

0.35 

Omaha,  NB 

0.52 

0.53 

0.38 

0.35 

014.  Divide  line  D12  by  line  D13. 

015.  Multiply  line  014  by  1.10,  to  allow  for  maintenance 
access  area. 

Line  015  is  Ap ,  plant  area. 

016.  Enter  area  available  for  a  solar  plant  at  the  plant 

site  (ft^).  If  line  01b  is  greater  than  or  equal  to 

line  D15,  go  to  line  017.  If  line  D16  is  less  than 

line  015,  the  available  area  is  inadequate  and  a  new 

smaller  value  for  Ac  must  be  used.  Calculate  the 

new  A  as  follows: 
c 

(line  016/1.10)  x  line  013 


014 

286,000 

ft 

D15 

315,000 

ft 

016 

400,000 

ft 

Using  this  new  value  for  A^ ,  go  to  line  05. 


TO  FIND  PAVG 


D17.  Enter  h,  the  number  of  hours  per  year  of  collector  017  3510  hr 

operation,  from  line  B19. 

018.  Divide  line  09  by  line  017.  D18  7.81  x  10  Btu/hr 

Line  018  is  PAVG,  t*ie  average  thermal  power 
of  the  plant. 

TO  FIND  PMAX 


019.  Multiply  lines  02,  07,  08,  and  D12.  DI9  14.1  x  10  Btu/hr 

Line  019  is  P^x*  t^ie  Peak  thermal  power 
of  the  plant. 


FLAT  PLATE  AND 
EVACUATED  TUBE 


COLLECTOR  NOMOGRAM 


USEFUL  ENERGY 


SAMPLE.  CASE 

SOLAR  THERMAL  PLANT  INFORMATION  SHEET 


1. 

Site  of  possible  solar  plant 

Colorado  Sp 

rings  (Given) 

2. 

Guidebook  site  (line  Alb) 

Albuquerque 

3. 

Working  fluid  feed  temperature  (line  Al) 

bO 

°F  (Given) 

4. 

Load  operating  temperature  (line  A2) 

345 

°F  (Given) 

5. 

Required  average  temperature  across  the 
collector  (line  A15) 

231 

°F 

6. 

Dry  bulb  daytime  annual  average  ambient 
temperature  at  the  site  (line  A17) 

bU 

°F 

7. 

AT  Tc  Tamt, 

178 

°F 

8. 

Distance  from  the  collector  field  to 
the  load  (line  A3) 

200 

ft  (Given) 

9. 

Collector  type 

trough 

(Given) 

10. 

Collector  optical  efficiency,  a  (line  B3) 

0.  b5 

11. 

Collector  heat  loss  factor,  b  (line  B4) 

0.13 

Btu/hr  ft2  °F 

12. 

Minimum  (critical)  beam  insolation 
intensity  (line  B21) 

3b 

Btu/hr  It2 

13. 

Average  beam  insolation  intensity  (line  823) 

237 

Btu/hr  it2 

14. 

Maximum  (peak)  beam  insolation 
intensity  (line  B27) 

311 

Btu/hr  ft2 

15. 

Solar  plant  output  per  year  (line  D8) 

27.4xl0V 

Btu 

16. 

Solar  plant  operating  hours  per  year 

3510 

hr 

( line  B19) 

17. 

Solar  collector  area  (line  D12) 

100,000 

ft2  (Given) 

18. 

Solar  plant  area  (line  D15) 

315,000 

ft2 

19. 

Average  thermal  power  of  solar  plant 

7.81xl06 

Btu/hr 

(line  D18) 

20. 

Peak  thermal  power  of  solar  plant  (for 
sizing  pumping  system)  (line  D19) 

14.1x10° 

Btu/hr 
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(The  reverse  of  this  page  is  blank.) 


flat  plate  and 
evacuated  tube 


f  LA  T  PLATE  AND 
f  .  ACTUATED  tube 


flat  plate  and 

EVACUATED  TUBE 


MAVN ARD,  MASSACHUSETTS 
INSOLATION  NOMOGRAM 


FIAT  PLATE  AND 
EVACUATED  TUBE 


flat  plate  and 
evacuated  tube 


MIAMI,  FLORIDA 
INSOLATION  NOMOGRAM 
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APPENDIX  L 
COLLECTOR  NOMOGRAM 
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(The  reverse  ot  this  page  is  blank.) 


END 

DATE 

FILMED 

8—83 

DTIC 


